Angelica dahurica is commonly referred to as 'Baizhi' in China and has been noted for its therapeutic significance. The major active ingredients of Angelica dahurica is coumarin, which is reported as a kind of potent inhibitor of cytochrome P450 enzymes (CYP450s). The aim of this study was to investigate the inhibition of CYP3A enzymes by total coumarin extract (TCE) obtained from dried root of Angelica dahurica by using in situ single pass intestinal perfusion (SPIP) and in situ liver perfusion in rats. When midazolam (MDZ) which is a substrate of CYP3A co-perfused with TCE (198 µg/mL) from Baizhi in duodenum and ileum segments, the Peff of MDZ has increased significantly compared with the MDZ single perfused group (p < 0.01) (n = 6). However, there was no significant effect on P eff of MDZ when it co-perfused with 66 µg/mL of TCE from Baizhi in both segments (p > 0.05) (n = 6). During in situ liver perfusion study, the results demonstrated that, 3 days oral administration of TCE obtained from Baizhi could significantly reduce the elimination rate of MDZ in the perfusate (p < 0.05) (n = 3). This study revealed that TCE from Baizhi had potent inhibition on CYP3A enzymes, and the inhibitory effect was related to dose. Therefore, when Angelica dahurica extract co-administrated with drugs which are the substrates of CYP3A, much more attention should be paid rather than that of other CYP450 enzymes. These findings may facilitate in predicting possible herb-drug interactions (HDIs) when Angelica dahurica is used in combination with other drugs, and decrease the incidence of the CYP450-mediated HDIs.
Introduction
Medicinal herbs have been used to treat a variety of health conditions since ancient times. With the increased use of herbal medicines, research spotlight on the possibility of herb-drug interactions (HDIs) has become imperative.
Angelica dahurica (FISCH) Benth et Hooker F. referred to as 'Baizhi' in China is one of the most popular traditional Chinese medicines (TCM) with the history of more than 2000 years for treating frontal headache, toothache, rhinitis, boils, carbuncles, and skin diseases in clinics [1] [2] . There have been reported that Baizhi has anti-inflammatory, antioxidant, and inhibition on cytochrome P450 enzymes (CYP450s) activity [3] . Baizhi extract suppressed hepatic testosterone hydroxylation in human and rat at positions 2α, 16β, and 6β. These reactions are catalyzed by CYP2C11, CYP3A and CYP1A respectively in human, and CYP2C11, CYP2B and CYP3A respectively in rat [1] [4] . Baizhi extract inhibited the effect of CYP2C, CYP3A, and CYP2D in rat liver microsomes by decreasing the metabolic activity of tolbutamide, nifedipine and bufuralol, respectively. It also delayed the elimination of diazepam and nifedipine after intravenous administration in rats [1] [4] . These enzymes are important for metabolism of drugs and xenobiotics [5] .
The major active constituents of this plant are coumarins and furocoumarins such as byak-angelicol, oxypeucedanin, imperatorin, cnidilin, phellopterin and isoimperatorin. Isoimperatorin is often used as the standard in the quality control of Baizhi [2] [3] . In the past decade, coumarins and its derivatives have been the focus of research due to their diverse pharmacological properties such as anti-inflammatory, antioxidant, anticoagulant, antifungal, antibacterial, antitumor, anticonvulsant and anti-hyperglycemic properties [6] . The data obtained from the previous investigations using in vivo and in vitro methods for studying coumarin compounds such as 6', 7'-dihydroxybergamottin, bergamaottin, begaptol, psoralen, isopsoralen, imperatorin, isoimperatorin, and trioxsalen suggested that these compounds can inhibit or induce a wide range of CYP subtypes, including CYP1-A1/2, CYP2A2, CYP2A6, CYP2B6, CYP2D6, CYP2C19, CYP2E1, CYP3A4 and/or p-glycoprotein [7] - [11] .
Inhibition of drug-metabolizing enzymes, especially CYP450s, is regarded as the most frequent and clinically important issues among the possible causes for HDIs. CYP3A, the most abundant CYP in liver and intestine, is responsible for metabolism of more than 50% of clinically used drugs, and variations in its catalytic activity are important in issues of drug-drug interactions [12] . The aim of this study was to investigate the inhibition of CYP3A enzyme by TCE from Angelica dahurica radix using in situ single pass intestinal perfusion (SPIP) and in situ liver perfusion models in rats, so that Baizhi can be used safely.
Materials and Methods

Chemical Material
Midazolam (MDZ), ketoconazole (KTC) (>98% purity), and D-glucose were purchased from Sigma Chemical Co. (St. Louis, MO). The HPLC grade solvents methanol (MeOH), formic acid (FA), and orthophosphoric acid (H 3 PO 4 ) were obtained from Fisher Chemica, and water was purified by the Milli-Q system (Millipore Corp., USA). Physiological saline solution was purchased from Hospira Inc. (Lake Forest, IL). All other chemicals were of analytical grade.
Animals
Age-matched male albino Sprague-Dawley rats, weighing 200 -350 g, were purchased from the Animal Experiment Laboratory, Tianjin Institute of Pharmaceutical Research. Prior to each experiment, the rats were fasted overnight for 12 -18 h, with free access to water, and randomly assigned to the experimental groups.
Preparation of Total Coumarin Extract (TCE) from Baizhi
A total of 1 kg Baizhi was extracted with 8 L of 75% ethanol under reflux for 1.5 h three times. The extract was concentrated under reduced pressure using a rotary evaporator at 50˚C. The dry powder was pulverised using macroporous resin as follows: seven times water, eight times 30% ethanol and eight times 75% ethanol. A solution of 75% ethanol was obtained and evaporated to dryness. Preliminary analysis about this extracts was done by using a validated and reverse phase high performance liquid chromatography (HPLC) system (Agilent 1260 Infinity LC; Agilent Technologies Inc., USA), with a quaternary pump model G1311C. The chromat-ographic separation was carried out on Agilent Zorbax HC-C 18 column (4.6 mm × 250 mm × 5 µm) (Agilent, USA). The mobile phase comprised A (methanol) and B (pure water) using a gradient elution of 40% A -90% A at 0 -30 min, 90% A -40% A at 30 -30.5 min, 40% A at 30.5 -36 min. The flow rate was 1.0 mL/min and the UV wavelength was 310 nm.
In Situ Intestinal Perfusion
The in situ SPIP procedure has been optimized [13] [14] . Briefly, rats were anesthetized by administrating urethane (1.4 g/kg, i.p.), and then each rat was placed on a thermal insulation blanket to maintain their body temperature at 37˚C, which was measured by inserting a thermometer into the rectum. The rats were kept under a warming light during all experiments. A 3 -4 cm midline abdominal incision was made, and the common bile duct was ligated, to minimize the effect of enterohepatic circulation of the drugs. Approximately 10 cm of the duodenum and ileum segments was carefully exposed; one end was connected to flexible polyvinyl chloride tubing, and another end was connected to a smooth glass tube. The isolated segments were rinsed using a syringe containing a Krebs-Ringer buffer (KRB) (pH 6.8) at 37˚C that consisted of NaCl (7.8 g/L), NaHCO 3 
, and MgCl 2 (0.042 g/L).
To examine the influence of TCE from Baizhi on the intestinal disposition of MDZ, 24 rats were divided equally into four groups, and each group was perfused with 30 μg/mL of MDZ diluted in KRB solution with or without KTC and TCE from Baizhi. Whereas one group perfused with only 30 μg/mL of MDZ as the blank control, one group perfused with solution of MDZ (30 μg/mL) and KTC (32 μg/mL) as the positive control, the other two groups perfused with solution of MDZ (30 μg/mL) and TCE from Baizhi (198 µg/mL or 66 µg/mL).
The initiation of perfusion began with a 30 minutes perfusion at a flow rate of 0.2 mL/min without collection the perfusate to reach a steady state. MDZ (30 μg/mL) with or without KTC (32 μg/mL) and TCE from Baizhi (198 µg/mL or 66 µg/mL) were prepared in the KRB. Then, the perfused samples were collected at 10 minutes intervals for a total of 90 minutes.
The surgical area was covered with a wet pledget, and drops of saline (37˚C) were added to the pledget to avoid disturbing the circulatory system during the whole perfusion process. The test tubes used in the sample collection were weighed before and after collection. The collected samples were transferred into 1.5 mL Eppendorf tubes and immediately were centrifuged and analyzed or stored at −20˚C until further HPLC analysis. At the end of the experiment, the perfused intestinal segments were sliced along the axis without stretching the organ, and carefully opened along the mesenteric root. The width and the length of the intestinal segment were measured and recorded as accurately as possible, and the animals were euthanized by cervical dislocation.
In Situ Liver Perfusion
To examine the influence of TCE from Baizhi on the hepatic disposition of MDZ, 9 rats were divided equally into three groups, and each group was perfused with 30 μg/mL of MDZ diluted in KHB solution. Whereas one group served as the blank control, the other two groups served as treatments. For positive control, KTC (20 mg/kg, i.p.) was administrated to rats for 3 days. For inhibition study, TCE (50 mg/kg, i.g.) was administrated to rats for 3 days.
A previously developed in situ liver perfusion method was used with minor modifications [14] - [16] . Briefly, male Sprague Dawley rats (200 -350 g) were anesthetized using urethane (1.4 g/kg, i.p.) prior to surgery, after 3 days administration of KTC (20 mg/kg, i.p.) or TCE (50 mg/kg, i.g). Then a "V" cut was made on the abdomen, the hepatic portal vein and superior vena cava were exposed and cannulated, the cranial vena cava and the common bile duct ligated. The livers were perfused in situ with oxygenated Krebs-Hensleit Buffer (KHB) (pH 7.4) at 37˚C that consisted of NaCl The KHB buffer was pumped through the liver by roller pump via the portal vein, the abdominal vena cava was incised immediately after perfusion had begun, and the dripping polyethylene tube (2 mm i.d., 3 mm o.d.) was inserted. The thorax was opened then, and the thoracic vena cava was ligated.
Then the flow rate was changed to 10 mL/min, after 20 minutes which was the optimal time for the liver to stabilize, the buffer solution containing MDZ was added to the reservoir, the temperature was maintained at 37˚C through the use of a warming light and a heating carpet, the volume was determined gravimetrically (spe-cific gravity 1.0), then a sample was taken immediately at 0min and the KHB buffer without drug was allowed to flow back to the reservoir. The re-circulating perfusate (0.5 mL) was taken at 1, 2, 3, 4, 5, 10, 15, 25, 40, 60 min, and the same volume of KHB buffer without drug was added in the reservoir each time when samples were taken. Samples were immediately centrifuged and analyzed or were stored at −20˚C until further HPLC analysis.
HPLC Analysis
Quantification of MDZ in samples were determined by isocratic mode, using a validated and reverse HPLC system (Agilent 1260 Infinity LC; Agilent Technologies Inc., USA), with a quaternary pump model G1311C. All analyses were performed on an analytical Agilent HC-C 18 column (250 mm × 4.6 mm; 5 μm), protected with an Agilent HC-C 18 pre-column (30 mm × 4.6 mm; 5 μm) maintained at 25˚C. The mobile phase consisted of methanol and 0.5% formic acid at a ratio of 53:47 (v/v), the flow rate and injection volume was 0.9 mL/min and 20 μL, respectively. Method validation of the selectivity, precision, accuracy, linearity, and stability were conducted to ensure the feasibility of the analytical method.
Statistical Analysis
The SPIP is based on reaching steady state with respect to the diffusion of compound across intestine. Steady state is confirmed by plotting the ratio of the outlet to inlet concentrations (corrected for water transport) versus time. The equation below was used to calculate the efficient permeability (P eff ) through the rat intestinal wall in the SPIP using the "plug flow" model, also known as radial mixing model [14] [17] .
The equation was expressed as follows;
where C in and C out are the concentration of MDZ entering and leaving the intestinal segments respectively; Q and Q out are the flux of perfusate entering and leaving the intestinal segments; r is the radius of the perfused intestinal segments; and L is the measured length of the intestinal segments perfused.
The change of drug concentration in the liver perfusion was determined by detecting the concentration of MDZ in perfusate at different time (0, 1, 2, 3, 4, 5, 10, 15, 25, 40, 60 min). Then we draw a graph with a curve of time vs concentration. Results are obtained by comparing the control group curve with the curves of the remaining groups.
Results
Identification of Major Coumarins in TCE from Baizhi
The major coumarins in Baizhi extract were quantified and the percentages of imperatorin, xanthotoxol, 5-hydroxy-8-methoxy psoralen, oxypeucedanin hydrate, bergapten, imperatorin, cnidilin and isoimperatorin were 2.36%, 2.50%, 2.58%, 1.24%, 7.80%, 8.74% and 4.86%, respectively. HPLC fingerprint chromatogram of TCE from Baizhi is shown in Figure 1 . The total coumarins (>52% in the extract) was determined by UV spectroscopy. The chemical structures of these seven ingredients are shown in Table 1 .
Inhibition of TCE from Baizhi on CYP3A in Intestine
As shown in Figure 2 , the result of SPIP experiment showed that the P eff of MDZ increased significantly when co-perfused with KTC in both duodenum and ileum segments (p < 0.05). The TCE from Baizhi also increased the P eff of MDZ markedly when co-perfused in both segments. Compared with the MDZ single perfused group, the dose of 66 µg/mL of TCE from Baizhi showed no significant effect on MDZ P eff in both segments, while the P eff of MDZ increased very significantly (p < 0.01) when co-perfused with the dose of 198 µg/mL of TCE from Baizhi in both segments. And there was significant difference of effect in MDZ P eff between 66 µg/mL of TCE and 198 µg/mL of TCE in duodenum segment (p < 0.05). In ileum segment, the difference was obviously shown in the graph though there was no significant difference through statistic analysis (p value was 0.06), Thus, both the TCE from Baizhi and KTC significantly increased the permeability of MDZ, and the effect of TCE from Baizhi was related to dose. 
Inhibition of TCE from Baizhi on CYP3A in Liver
The result (Figure 3 ) of in situ liver perfusion experiment showed that MDZ was substantially metabolized in the liver during the perfusion when it was perfused singly. After the rats were administrated with KTC (20 mg/kg, i.p.) for 3 days, the concentration of MDZ in the perfusate reduced to a level less than that of the MDZ single perfused group during the liver perfusion (p < 0.05). After 3 days administration of TCE (50 mg/kg, i.g.) 
(2) (6) from Baizhi, similar effect was observed compared to that obtained after administration of KTC (p < 0.05). Hence, both TCE from Baizhi and KTC significantly reduced the elimination rate of MDZ in the perfusate within 60 minutes.
Discussion
HDI is one of the most important clinical concerns in the consumption of herbs and prescription drugs. The ability of intestinal and hepatic CYP to metabolize numerous drugs is responsible for the large number of docu-mented drug-drug and drug-food interactions [18] . Herbal products usually contain a mixture of pharmacologically active phytochemicals, most of which are secondary metabolites [1] [18] . These phytochemicals have been classified into three main classes such as, terpenoids, alkaloids and phenolic compounds [19] . This complexity may increase clinical herb-drug interactions.
In clinic, a number of HDIs have been reported involving drug metabolic enzymes and transporters. Herbal medicine and its constituents are not as safe as previous thought. They may cause either potential inhibition or activation of drug metabolic enzymes and/or transporters which may lead to HDIs [14] .
Possible in vivo drug-drug interactions are often inferred from in vitro studies with liver enzymes. The correlation of in vitro results with in vivo behavior has yielded reliable results in certain cases in terms of in vivo predictability. However the extent of clinical significance is poorly inferable. Thus, in the present study, the inhibition of CYP3A enzymes by TCE from Angelica dahurica radix was investigated using two in vivo methods (SPIP and liver perfusion) in rats, to explore the possibility of HDIs with CYP3A probe MDZ.
In situ intestine perfusion has been proven to be an accurate method for evaluating the permeability of chemicals. The results of in situ SPIP from our study showed that the inhibitor of CYP3A, KTC, increased the P eff of MDZ both in duodenum and ileum segments significantly (p < 0.05), and TCE from Baizhi achieved the samilar effect as KTC. This suggested that TCE from Baizhi may be also an inhibitor of CYP3A. The dose of 198 µg/mL of TCE from Baizhi showed a significant inhibition on CYP3A enzymes in both duodeum and ileum segments (p < 0.01). However there were no significant inhibitory effects when perfused with a dose of 66 µg/mL of TCE from Baizhi (p > 0.05). This indicated that the inhibitory effect of TCE from Baizhi is related to dose.
Furthermore, the liver perfusion results showed that TCE from Baizhi can significantly inhibit the CYP3A enzymes. It markedly reduced the elimination rate of CYP3A probe drug MDZ in the perfusate (p < 0.05), and KTC showed similar effect as observed in TCE from Baizhi notably (p < 0.05). According to the results in this study, the inhibition of TCE from Baizhi on CYP3A enzymes was markedly observed in the liver. However, in the intestine, only high dose of TCE from Baizhi showed significant inhibition on CYP3A. This could be due to the higher expression of CYP3A enzymes in the liver compared to the mucosal epithelium of the intestine [20] [21].
Moreover, CYP3A enzymes are implicated in the first-pass metabolism of several drugs which are the substrate of CYP3A including MDZ [22] . MDZ is almost metabolized to 1'-hydroxymidazolam, 4-hydroxymidazolam, and 1',4-dihydroxymidazolam with less than 3% excreted into urine unchanged [23] [24] . And MDZ has been a valuable tool for the measurement of metabolic activity of the CYP3A subfamily in rats (CYP3A1/2) as well as in human (CYP3A4/5) [21] [22] [25] [26] .
It has been previously reported that the oral administration of Baizhi extract suppressed hepatic testosterone hydroxylation in human and rat at positions 2α, 16β, and 6β; which were catalyzed by human CYP2C11, CYP3A and CYP1A, respectively [4] , and CYP2C11, CYP2B and CYP3A in rat, respectively [1] . Additionally, Baizhi extracts have been shown to inhibit the activities of CYP2C, CYP3A, and CYP2D in rat liver microsomes by decreasing the metabolic activity of tolbutamide, nifedipine and bufuralol, respectively. The multiple oral dosage showed a decrease in metabolic ratio of caffeine which is catalyzed by CYP1A2 in human [1] .
According to our results, TCE from Baizhi suppressed the activity of CYP3A subfamily in rats. Thus, this study revealed a possible mechanism of HDI which leads by Baizhi, and this kind of HDI is noteworthy.
Conclusion
This study demonstrated that TCE from Angelica dahurica radix (Baizhi) may affect the metabolism of drugs which are the substrates of the CYP3A isoform. Therefore, when Angelica dahurica extract co-administrated with drugs which are the substrates of CYP3A, much more attention should be paid rather than that of other CYP450 enzymes, and further in vivo experiments are required to evaluate the inhibition of CYP3A by TCE from Angelica dahurica radix on human CYP450 enzymes.
